Centrifugal fan is an important component of a ventilation system in a nuclear power plant. In this paper, we proposed a magnetorheological speed-adjustment system controlled by shape-memory alloy for centrifugal fan. A theoretical analysis of the effect of the applied magnetic field on the viscoplastic flow between two cylinders in the speed-adjustment system is presented. The expressions for the velocity in viscoplastic flow and the torque transmitted by MR fluids are derived. A sliding mode SMA switch is proposed to modify the magnetic field acting on working gap under thermal effect. The results indicate that with the increases of applied magnetic field, the torque transmitted by MR fluid goes up rapidly.
Introduction
Centrifugal fans are widely used for transporting air in a ventilation system in a nuclear power plant. For different operation conditions of ventilating system, the rotational velocity of centrifugal fan needs to be adjusted to improve the operating efficiency of a ventilating system. In this paper, we propose a speed-adjustment system based on magnetorheological (MR) fluid and shape-memory alloy (SMA) for centrifugal fan.
MR fluids are the suspension of micron-sized, magnetizable particles in a carrier fluid. When exposed to a magnetic field, the rheological characteristics of MR fluids reversibly and instantaneously change from a free-flowing liquid to a semisolid with controllable yield strength. Altering the strength of the applied magnetic field precisely and proportionally controls the consistency or yield strength of the fluids [1, 2] . Based on the mechanical characteristics, the fluids can be used in the controllable, energy-dissipating applications such as dampers [3, 4] , valves [5, 6] , and variable transmission devices [7] [8] [9] .
An MR variable transmission device transmits torque by the shear stress of the MR fluids from the driving shaft to driven shell. The MR variable transmission device has the property that its transmitting torque changes quickly in response to an external magnetic field. A literature review indicates that the variable transmission devices that use MR fluids can be classified as having either disc type or cylindrical type [10] . In the disc type, the MR fluid within the activation region between two parallel circular plates is a circular plate. In the cylindrical type, the activated MR fluid between two concentric cylinders is an annular cylinder.
In order to rationally design the MR variable transmission devices, a designer should analyze the torque transmission ability. In this paper, Bingham model is used to describe the constitutive characteristics of MR fluids subject to an applied magnetic field. The operational model of the cylindrical type variable transmission device is established to derive the formula for the torque transmitted by MR fluids.
Properties of MRF and SMA
MR fluids can change their rheological characteristics by applying magnetic field. In the absence of an applied magnetic field, MR fluids exhibit a Newtonian-like behavior. However, upon application of a magnetic flied, the behavior of the controllable fluid is often represented as a Bingham fluid having a variable yield strength. In this model, the flow is governed by Bingham's equation [11] 
where τ is the shear stress of fluid, τ y (H) is the yield stress in response to an applied magnetic field H, η is the viscosity of MR fluid with no applied magnetic field, andγ is the shear rate. Equations (1a) and (1b) indicate that for the shear stress exceeds the yield stress an MR material flows as a Newtonian fluid with a viscosity [12] . Otherwise it remains viscoelastic property. The yield stress τ y (H) has a relationship with H approximately as [13] 
where K and β (1 < β < 2) are constants that determined by experiment. SMAs are widely used as actuator materials [14, 15] . The thermoelastic martensite transformation of SMA can be expressed with one-dimensional constitutive equation [16] 
where σ and ε are SMA's stress and strain, respectively, T is the temperature, ζ is the martensite volume fraction (0 ≤ ζ ≤ 1), E is the elastic modulus, θ is the elasticity coefficient for the heat, and Ω is the coefficient of phase change.
Operational Principle
The schematic of the cylindrical-type MR variable transmission is shown as Figure 1 . The MR fluid is filled with the working gap between two concentric cylinders in the variable transmission. The MR variable transmission device depends on the shear stress of the MR fluid to transmits torque. In the absence of an applied magnetic field, MR fluids flow freely and exhibit Newtonian-like fluid behavior. The torque transmitted by the viscous stress of the MR fluid in the variable transmission is much smaller so that the suspended particles of the MR fluid cannot restrict the relative motion between the driving-cylinder and the driven-cylinder of the variable transmission. The variable transmission is in the state of separation. However, in the course of operation, a magnetic flux path is formed when electric current is put through the coil assembly. As a result, the MR particles are gathered to form chainlike structures, in the direction of the magnetic flux path. These chainlike structures increase the shear stress of the MR fluid. With the increase of the applied magnetic field, the shear stress developed by the MR fluid goes up rapidly. When the shear stress is large enough, the torque transmitted by the shear stress can join the driving cylinder with the driven cylinder. The amount of torque can be adjusted continuously by changing the input current. The current in coil can be modulated by a sliding mode SMA switch which alters the sliding distance under thermal effect, shown in Figure 2 . The resistance of the circuit can be altering by using the sliding mode SMA switch under different temperature. The SMA helical spring working against a conventional steel spring (referred here as the "biasing" spring). At low temperatures, the steel spring is able to completely deflect the SMA spring to its compressed length. When increasing the temperature of the SMA spring, it expands, compressing the steel spring and moving the push rod. 
Mathematic Model
The output displacement of SMA switch can be expressed as follows [17] 
where S(T) is the output displacement of SMA spring, d represents the wire diameter, D is the average diameter of the spring, n is the number of turns in the spring, and F L , E L , and γ L are the axial load, shear modulus of SMA spring, and the strain at low temperature (in martensitic phase), respectively. F H is the axial load at high temperature, (F H − F L )/Δδ represents the spring constant of the conventional steel spring. E(T) is the shear modulus of SMA at temperature T.
In absence of stress, shear modulus of SMA can be expressed as (5) approximately:
where E M and E A are the shear modulus of martensite and austenite, respectively, in the process of heating, start and finish transformation temperatures of martensite and austenite, respectively. The diagram of the operational mode of a cylindricaltype MR variable transmission is shown in Figure 3 . In order to analyze the rheological behavior of MR fluids flow in the gap between two concentric cylinders in the cylindricaltype variable transmission, the following assumptions are given: the fluid is incompressible. There is no flow in radial direction and axial direction, but only tangential flow. The flow velocity of MR fluid is a function of radius. The pressure in the thickness direction of MR fluid is a constant. The strength of magnetic field in the working gap of the activation region is well distributed. In cylindrical coordinates (r, θ, z), the distribution of the flow velocity is
where v θ , v r , and v z are the flow velocity of the fluid in the θ-direction, r-direction, and z-direction, respectively. ω(r) is the rotation angular velocity of the fluid in the θ-direction.
The angular velocity ω(r) is the function of r-coordinate.
As shown in Figure 4 , for the tangential shear flow of MR fluid between two cylinders, the force equilibrium equation in tangential can be derived from differential element of the fluid as follows: 
where, σ θθ is the compressive stress in the θ-direction, τ θr and τ rθ are the shear stress. According to the assumptions and ignore the parts of high-order, (7) can be simplified approximately as follows:
Transmission Analysis
Integrating the momentum equation (8), shear stress can be indicated as follows:
where c 1 is the integrating constant. The boundary conditions are
where R 1 and R 2 are the radius of the inner and the outer cylinder, respectively. At two surfaces of R 1 and R 2 , the shear stresses are, respectively:
The surface at τ y (H) = c 1 /R 2 y , is defined as yield surface. R y is the radius of the cylindrical fluid at the yield surface. The field at τ > τ y (H) is yield, and the field at τ < τ y (H) is nonyield. At τ 1 > τ y (H) > τ 2 , the fluid of the field between R 1 and R y is viscous flow. Because the rotating speed decreases with the increases of the radius r, the shear rateγ in above equations (1a) and (1b) can be calculated by the following:
where dω r /dr is the rotating speed gradient in r-direction. Applying boundary conditions as ω r = ω 1 at r = R 1 , dω r /dr = 0 at r = R y , the rotational speed can be obtained by (1a), (1b), (8) , and (12) as follows:
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The fluid of the field between R y and R 2 is rotated by ω 2 as a solid. The radius at the yield surface can be calculated by the following:
where T L is the loading torque when MR fluid is nonyield,
2 . According to the above discussion, the flow has the following two particular conditions.
(1) At τ > τ y (H), the fluid within the gap between two cylinders is viscous flow. The rotational speed becomes
(2) At τ < τ y (H), the fluid within the gap between two cylinders is non-sipping. The rotational speed becomes
The torque transmitted by the MR fluid can be calculated by the following:
where T is the torque transmitted by the MR fluid, L is the width of the working gap. In order to obtain the transmission torque, assuming that the MR fluid in working gap is yielded. Equations (1a), (1b), (12) , (13), and (17) can be manipulated mathematically to yield:
where L e is the effective width of the MR effect developed by the MR fluid.
Computational Results and Discussions
For this example, we using a typical MR fluid. Figure 5 shows the relation, obtained from the experiment, between the dynamic yield stress and the magnetic field strength for a typical MR fluid. From the figure we can find that the dynamic yield stress is proportional to the square of the magnetic field strength. MR fluid exhibits dynamic yield stresses of 0∼48 kPa for the applied magnetic field strength of 0∼275 kAmp/m. The ultimate strength of MR fluid is limited by magnetic saturation. The result shows that with the increase of the applied magnetic field strength, the dynamic yield stress goes up rapidly.
The effect of temperature in output displacement of SMA spring is shown in Figure 6 . In this study, Ti-49.8 at.% Ni SMA wire is used, its start and finish temperatures of the martensitic and austenitic phase transformation are M s = 78
• C, respectively. The shear modulus of martensite and austenite are G M = 7.5 GPa and G A = 25 GPa, respectively. Assume that the low temperature shear strain is γ L = 1.5%, the wire diameter of SMA spring is d = 3 mm, the average diameter of the spring is D = 13 mm, the number of turns is n = 20. As shown in Figure 5 , the output displacement of SMA spring actuator increase with the increasing of temperature. 
The results indicate that with the increase of the breadthdiameter ratio, the transmission torque developed by MR fluid goes up rapidly. This torque is 27 times as much as the torque at zero magnetic field. The results indicate that with the increase of the applied magnetic field, the torque developed by MR clutch goes up rapidly.
Conclusions
An MR cylindrical-type variable transmission device depends on the shear stress of the MR fluid to transmits torque from the driving-shaft to driven-shell. The shear stress of MR fluid is increased with the increase of applied magnetic field strength. The applied magnetic field strength can be adjusted continuously by changing the output displacement of the sliding mode SMA switch under thermal effect. The transmission torque of MR fluid in the MR cylindrical-type variable transmission device is deeply influenced by magnetic field strength, breadth-diameter ratio l, inner radius R 1 and so on. After the structure is confirmed, The torque developed by MR fluid is increased rapidly with the increase of applied magnetic field strength.
